The inflammasome pathway functions to regulate caspase-1 activation in response to a broad range of stimuli. Caspase-1 activation is required for the maturation of the pivotal proinflammatory cytokines of the pro-IL-1β family. In addition, caspase-1 activation leads to a certain type of cell death known as pyroptosis. Activation of the inflammasome has been shown to play a critical role in the recognition and containment of various microbial pathogens, including the intracellularly replicating Listeria monocytogenes; however, the inflammasome pathways activated during L. monocytogenes infection are only poorly defined. Here, we demonstrate that L. monocytogenes activates both the NLRP3 and the AIM2 inflammasome, with a predominant involvement of the AIM2 inflammasome. In addition, L. monocytogenes-triggered cell death was diminished in the absence of both AIM2 and NLRP3, and is concomitant with increased intracellular replication of L. monocytogenes. Altogether, these data establish a role for DNA sensing through the AIM2 inflammasome in the detection of intracellularly replicating bacteria.
Introduction
The innate immune system functions to sense microbial pathogens that are of danger to the host. In addition to its immediate effector functions, the innate immune system is also critically required to initiate adaptive immune responses. Several pattern recognition receptors (PRR) have been identified that are able to detect certain molecular structures that are unique to microbial pathogens but not to the host [1] [2] [3] . At the same time, PRR can also sense ligands, which are not necessarily specific for microbial pathogens, but appear for example in special compartments that are usually devoid of such ligands. Cell stress or tissue damage can also trigger PRR activation via the release of normally compartmentalized molecules or via chemically modified self-molecules. In contrast to pathogen-associated molecular patterns (PAMP) other endogenous inflammatory signals that appear after cellular damage or due to metabolic derangements, can also be summarized as danger-associated molecular patterns, or DAMP [4] . Activation of PRR leads to the transcription of pro-inflammatory genes that function to combat the microbial infection. Simultaneously, several signaling cascades are triggered that do not require de novo transcription and translation. Of these, the proteolytic activation of "inflammatory caspases" in particular caspase-1 plays a critical role in host defense [5] .
Activation of caspase-1 leads to the proteolytic processing of pro-cytokines such as pro-IL-1β and pro-IL-18 [6] . In addition, active caspase-1 can also trigger a special type of cell death -so called pyroptosis [7] . Even though the critical role of caspase-1 in processing of inflammatory cytokines has been established for many years, it was only recently that upstream signaling components have been identified that lead to the activation of caspase-1 in a stimulus-specific manner. The term "inflammasome" has been coined for these distinct signaling platforms as the formation of high molecular weight complexes following their activation were observed [8] . To date, four independent inflammasomes have been characterized. NLRP1, NLRP3 and IPAF (also know as NLRC4) are all proteins of the nucleotide-binding domain leucine-rich repeat containing (NLR) family, whereas AIM2 belongs to the pyrin domain and HIN200 domain containing (PYHIN) protein family (reviewed in [9] ). While the NLRP1, IPAF and AIM-2 inflammasome recognize specific molecules, the NLRP3 inflammasome can respond to a very broad spectrum of stimuli of diverse physio-chemical nature such as pore forming toxins, crystalline material or ATP [10] [11] [12] [13] [14] . In addition, a so-called priming signal is critically required for NLRP3 activation. We and others have recently shown that this priming signal (e.g. LPS) functions to upregulate NLRP3 expression, which is the limiting factor in the activity of the NLRP3 inflammasome [15, 16] . The clear nature of the signal that activates NLRP3 itself is currently unknown, but several hypotheses have been put forth to explain this phenomenon. For example, several lines of evidence suggest that lysosomal damage and concomitant release of lysosomal cathepsins lead to the activation of NLRP3 pathway [11, 12] . At the same time it has been demonstrated that the generation of reactive oxygen species is an upstream event of NLRP3 activation and a role for thioredoxin-interacting protein has been implicated in this process [10, 17] . Future studies will be required to formulate a unifying hypothesis of NLRP3 activation.
In the early phase of infection, inflammasome activation is critical for host defense against many pathogens, including L. monocytogenes. L. monocytogenes is a facultative intracellular pathogen and the causative agent of the food-borne disease, listeriosis. While causing only mild symptoms of gastroenteritis in healthy individuals, infection with L. monocytogenes can cause life-threatening illness in immunocompromised individuals, including newborns and the elderly [18] . Upon invasion, L. monocytogenes is internalized by both nonphagocytic cells and professional phagocytes such as macrophages. Following uptake into phagocytic vacuoles, L. monocytogenes escapes from phagosomal compartments, employing the pore-forming cytolysin listeriolysin O (LLO). It replicates robustly within the cytosol and spreads directly from cell to cell avoiding extracellular immune recognition.
The activation of innate immune PRR in response to infection with L. monocytogenes is still not completely understood. L. monocytogenes is sensed by several PRR that lead to the de novo transcription and translation of pro-inflammatory cytokines. PRR that have been identified to play a role in this sensing process are TLR2, NOD1 and NOD2, while yet unknown pathways seem to be involved in addition [19] [20] [21] [22] [23] [24] [25] [26] . At the same time, cytosolic localization of L. monocytogenes leads to the activation of the inflammasome and caspase-1 has shown to be required for effective clearance of L. monocytogenes during murine infection [27] . Initial reports indicated that L. monocytogenes induces caspase-1 activation through the NLRP3 inflammasome [13] and similar findings were reported recently [28] .
However, subsequent studies have not confirmed solely NLRP3-dependent activation of caspase-1 induced by L. monocytogenes [29] . These discrepancies may be explained at least in part by variations in the expression of bacterial factors that contribute to caspase-1 activation. For example, it has been shown that L. monocytogenes can induce caspase-1 activation through both, the NLRP3 and IPAF inflammasomes as well as another yet-to-beidentified ASC-dependent inflammasome [26] . IPAF activation is dependent on the cytosolic release of flagellin but flagellin-expression in L. monocytogenes is temperatureregulated with expression in some strains being turned off at 37°C [30] .
In this study we comprehensively explore the role of known inflammasome pathways in the recognition of L. monocytogenes and hereby identify a critical role for both AIM2 and NLRP3 in L. monocytogenes-triggered inflammasome activation.
Results and Discussion

Activation of caspase-1 by Listeria monocytogenes is independent of IPAF, but requires ASC
We first studied the requirement of the signaling molecule ASC, using ASC-CFP overexpressing macrophages that allow the direct visualization and quantification of ASC pyroptosome formation and thus are able to directly report ASC-dependent inflammasome activation. In these cells ASC forms large oligomers after its activation, which leads to visible changes in the cytoplasmic fluorescence pattern of CFP-ASC [15] . Cytoplasmic presence of Listeria was readily followed by ASC pyroptosome formation (Fig. 1a) in a dose-dependent fashion (Fig. 1b) , whereas non-invasive Listeria devoid of LLO did not lead to ASC activation. Listeria-mediated ASC pyroptosome formation was in the same range as the NLRP3 stimulus LPS/ATP or the AIM2-trigger poly(dA:dT) (Fig. 1b) . Listeria infection not only resulted in ASC activation, yet ASC was also critically required for Listeriamediated caspase-1 activation (Fig. 1c) . As expected, an absolute ASC requirement was also seen for NLRP3 or AIM2 activation (Fig. 1c) . Altogether these results are in line with the majority of studies demonstrating that Listeria trigger inflammasome activation in an ASCdependent fashion with a requirement for LLO. To study the contribution of individual upstream NLR, we next addressed the role of de novo protein synthesis for the inflammasome responsiveness towards Listeria. NLRP3 activation critically requires a priming signal that leads to the induction of NLRP3 expression thus licensing the NLRP3 inflammasome, whereas the AIM2 inflammasome is responsive towards dsDNA independent of de novo transcription or translation [15, 16] . Cycloheximide-treated macrophages were readily responsive to intracellular DNA and replicating Listeria or Salmonella, while stimulation with the NLRP3 trigger LPS/ATP was unable to prompt caspase-1 activation in these cells (Fig. 1d) . These data already excluded a non-redundant role for NLRP3 as a sensor for Listeria. Indeed, NLRP3-deficient macrophages showed no loss in caspase-1 activity in response to Listeria (Fig. 1e) . In addition, IPAF and NLRP1 also showed a redundant role, if any, in the recognition of Listeria-mediated inflammasome activation. IPAF-deficient macrophages still displayed strong caspase-1 activation in response to Listeria (Fig. 1e-g ). Moreover, a non-redundant involvement of NLRP1 was excluded due to the fact that macrophages derived from C57BL/6 mice, which are devoid of functional NLRP1 [31] , also showed a normal caspase-1 response (data not shown). While these data did not exclude the possibility of a NLRP3, IPAF or NLRP1-involvement in the response to Listeria, they demonstrated that additional mechanisms were critically required in the inflammasome response to Listeria.
NLRP3 and AIM2 are both required for L. monocytogenes-mediated inflammasome activation
Recognition of Listeria by intracellular PRR has been ascribed to the detection of DNA by a so far unknown DNA sensing machinery [32] . However, up to now no direct data exist proving the involvement of pathogen-derived DNA in the detection of Listeria infection. Yet there is indirect evidence that Listeria release DNA into the cytosol of the host cell given the fact that Listeria DNA can serve as a template for RNA Pol II-mediated transcription by the host [33] . Thus, we hypothesized that the recently identified DNA sensor AIM2 might be the missing inflammasome PRR in the recognition of replicating Listeria. To test this hypothesis, we knocked down AIM2 expression in macrophages via shRNA. Employing this approach, we were able to strongly decrease AIM2 expression at both the mRNA (data not shown) and the protein level (Fig. 2a) . Wild type macrophages silenced for AIM2 expression showed a considerable decrease in Listeria-mediated caspase-1 activation, while Salmonella-triggered inflammasome activation was unaffected (Fig. 2b) . Since LLO has been shown to activate NLRP3 during Listeria infection, we next knocked down AIM2 expression in NLRP3-deficient macrophages. Indeed, when we targeted AIM2 expression in NLRP3-deficient macrophages, we observed an almost complete loss of caspase-1 activity in response to replicating Listeria (Fig. 2b) . Salmonella, however, were not compromised in the absence of NLRP3 and AIM2 with regards to inflammasome activation.
Inflammasome activation has also been linked to a certain type of cell death known as pyroptosis. The type of cell death involved in L. monocytogenes-infected macrophages was initially described as necrosis and distinct from apoptosis [34] . However, the mechanisms of cell death in response to L. monocytogenes are not fully understood. Both caspase-1-dependent and -independent cell death has been reported after L. monocytogenes infection of macrophages [35] [36] [37] . In fact, macrophages lacking caspase-1 have been shown to survive Listeria infection for a prolonged time frame therefore giving rise to higher bacteria replication. Indeed mice lacking caspase-1 show higher levels of Listeria replication, which is accompanied with a dramatic increase in mortality. Assessing cell viability following Listeria-infection, we observed that knocking down AIM2 in NLRP3-deficient macrophages led to increased cell viability 24 hours after infection (Fig. 2c) . This indicated that inflammasome activation was also associated with induction of cell death. Yet, while Listeria-mediated cell death was decreased in the absence of NLRP3 and AIM2, only a partial rescue in cell viability was achieved in the absence of these two receptors. Similar results were obtained when ASC-deficient macrophages were challenged with Listeria. These data are in line with previous findings that Listeria-mediated cell death is for the most part independent of caspase-1 [36] . Moreover, the enhanced survival in the absence of AIM2 and NLRP3 was mirrored by higher intracellular Listeria burden 24 hours after infection. Assessing bacterial numbers 24 hours after Listeria challenge showed that the absence of both NLRP3 and AIM2 enhanced Listeria replication by two to three-fold at the MOI tested (Fig. 2d) . Altogether these results indicated that activation of the AIM2 and NLRP3 inflammasome pathway plays an essential role in the activation of caspase-1 in response to Listeria and also an important role in the containment of Listeria replication.
Concluding Remarks
Our studies clearly argue for a critical role of AIM2 in the recognition of replicating L. monocytogenes. Given the fact that AIM2 is a DNA sensing inflammasome receptor, these data are the first mechanistic indication that L. monocytogenes is indeed sensed in the cytosol by its DNA. While previous studies have shown that Listeria-derived DNA can trigger innate immune responses, a direct link to a DNA receptor has been missing so far. As many sources of DNA can trigger innate immune responses, these reports were only able to allude to a possible role of PRR-dependent DNA recognition. A contribution of NLRP3 to Listeria-mediated inflammasome activation, most likely due to LLO-triggered lysosomal disruption, might to some extent explain the conflicting reports in the literature and at the same time provide evidence for functional redundancy of inflammasome activation by bacteria. Presumably a major role for NLRP3-dependent sensing of L. monocytogenes can be observed under conditions with predominant lysosomal damage, yet limited cytosolic replication. On the other hand it is conceivable that AIM2 recognition predominates under condition with high cytosolic replication. Altogether, based on our data we propose a twostep model for Listeria-mediated inflammasome activation. Listeria that are taken up by phagocytic cells can escape the phagolysosome by LLO. Disruption of the phagolysosome leads to release of lysosomal content into the cytosol and translocation of Listeria into the cytoplasm. NLRP3 senses the disruption of the lysosomal membrane whereas Listeriaderived DNA is sensed by AIM2. The net effect of these events is activation of caspase-1, which is critically required to regulate the proteolytic activation of pro-IL-1β and pro-IL-18 and also involved the induction of pyroptotic cell death.
Materials and Methods
Cells and cell culture NLRP3-, ASC-and IPAF-deficient mice were kindly provided by Millennium Pharmaceuticals. C57BL/6 mice were from Jackson Laboratories. Macrophages from these mice were transformed as previously described [11] . All experiments were performed with transformed macrophages at a density of 1×10 6 cells per ml in DMEM medium supplemented with L-glutamine, sodium pyruvate and 10% (v/v) FBS (Hyclone). All experiments for immunoblot analysis were performed in serum free medium. C57BL/6 wild type macrophages overexpressing ASC-CFP were generated as previously described [11] . Transduction with lentivirus-encoded shRNA was performed as previously described [38] . ShRNA targeting AIM2 were either shRNA TRCN0000096105 (#1) or TRCN0000096108 (#2). The control shRNA were either TRCN0000103646 (#1) or TRCN0000103648 (#2) (directed against murine IFIH1) and were confirmed not to have any effect on NLRP3 or AIM2 expression.
Reagents
Poly(dA:dT), nigericin and cycloheximide (CHX) were from Sigma-Aldrich. Ultra pure LPS from E.coli were from Invivogen. Poly(dA:dT) was transfected using Lipofectamine 2000 (Invitrogen). If indicated 5 mM nigericin or 5 mM ATP was added 1 h before supernatants were collected.
Bacterial infections
Listeria monocytogenes strains (EGD wt and EGD Δhly = LLO deficient strain) and Salmonella enterica were grown overnight at 37°C in brain heart infusion (BHI) broth. One volume of the overnight culture was added to 20 volumes of fresh BHI medium and bacteria were grown to the logarithmic growth phase (OD600 = 0.6 -0.8). Bacteria were subsequently washed in PBS and diluted in DMEM medium for infection. Macrophages at a density of 1×10 6 /ml were infected with bacteria at the indicated multiplicities of infection (MOI). 1 h post-infection 20 µg/ml gentamicin was added to remove extracellular bacteria. Macrophages were further cultured at 37°C in humidified 10% CO 2 . MOI was controlled by plating serial dilutions on BHI agar plates and counting colonies after growth at 37°C for 24 h.
For intracellular replication experiments, 5×10 4 macrophages were seeded per well in 96-well plates and infected at the indicated MOI. 24 h after infection macrophages were lysed in water for 10 min. Serial dilutions of cellular lysate were plated on BHI agar to enumerate CFU after growth at 37°C for 24 h.
Immunoblot analysis
Caspase-1 cleavage was detected by immunoblot in supernatants (SN) that were prepared as previously described [12] , whereas whole cell lysates (cells) were analyzed for procaspase-1. Blots were incubated with rabbit polyclonal antibody to mouse caspase-1 subunit p10 (sc-514 Santa Cruz Biotechnology). β-Actin was detected using sc-47778 (Santa Cruz Biotechnology) and AIM2 was detected using a rabbit polyclonal antibody raised against full length murine AIM2.
Microscopy
Confocal microscopy was performed on a Leica SP2 AOBS confocal laser-scanning microscope. Cell membranes were stained with choleratoxin subunit B. Hoechst dye was used for nuclear stains. ASC speckles per visual field were calculated with ImageJ software. (A) Wild type macrophages were transduced with two individual shRNA targeting AIM2 or two control shRNA. 7 days after transduction, β-Actin and AIM2 expression was analyzed by western blot. (B) Wild type macrophages or NLRP3-deficient macrophages were transduced using shRNA targeting AIM2 or a control shRNA and 7 days after selection cells were stimulated as indicated (L. monocytogenes / S. enterica MOI of 50, 10 or 1). 6 hours after stimulation caspase-1 expression and activation was assessed by western blot. (C) NLRP3-deficient macrophages transduced as in (B) were stimulated with L. monocytogenes as indicated and 24h after transfection viable cells were labeled using calcein AM and
